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Poly(3-hydroxybutyrate) (PHB) is one of the most broadly studied members of
the polyhydroxyalkanoates (PHA) family. It is a fully biodegradable thermoplastic
produced by microbial fermentation having properties similar to polypropylene. PHB
has a market price that is three times higher than the cost of synthetic plastics.
Substrate cost makes up 50 to 60 % of that cost; hence, researchers have been exploring
various cheap natural resources with high carbohydrate content to be used as a
substrate for PHB production.
In this study, corn fiber, a lignocellulosic biomass has been studied as an option
for a substrate to produce PHB. This is a leftover product of dry milling to produce corn
ethanol. Paraburkholderia sacchari, a hexose, and pentose-consuming bacterium is used
for the production of PHB. P. sacchari is a gram-negative bacterium isolated from the
soil of a sugar-cane plantation in Brazil to identify a strain that can integrate into a
biorefinery to successfully produce PHB.
To successfully execute the production of PHB from corn fiber hydrolysate,
various factors were studied concerning their effect on PHB yield. Chapter 1 explores

the previous studies and the possibility of using corn fiber as a substrate for PHB
production using P. sacchari. In chapter 2, two different pretreatment methods, three
different pH control strategies for enzymatic hydrolysis, and the effect of using pH
control during fermentation in a shake flask were studied. It was observed that the best
PHB yield of 0.31 g/g was obtained by using liquid hot water pretreatment, 50mM
acetate buffer at pH 5 as pH control in enzymatic hydrolysis, and 50 mM phosphate
buffer at pH 6.8 as pH control during fermentation. In an effort to increase the existing
PHB yield from corn fiber hydrolysate, the effect of protein extraction of corn fiber and
the inoculation method of P. sacchari was studied in chapter 3. The highest PHB yield of
0.53 g/g was obtained. Chapter 4 concluded the findings and understanding of this
research study along with recommendations for future experiments.
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Organization

This Thesis is organized as follows: Introduction, thesis objectives, and
literature review (Chapter 1), followed by two research projects (Chapter 2 and 3),
and summary, conclusions, and recommendations (Chapter 4). All chapters have
been formatted using guidelines provided by the University of Nebraska, Lincoln.
The references are provided at the end of every chapter.
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Chapter 1 Introduction, Thesis Objectives, and Literature Review
1.1 Introduction
Petrochemical-based polymers are non-biodegradable and mostly discarded
inappropriately. The production of plastics from petrochemical feedstocks is
responsible for 12% of global petroleum demand. Depletion of non-renewable
resources, like petroleum, greenhouse gas emissions, and the absence of proper
technology for disposal of non-biodegradable plastics are causing a threatening
environmental situation like increasing the earth’s temperature, destroying terrestrial
and aquatic ecosystems (McAdam et al., 2020). The rapid booming of material science
industries has created different plastics products with excellent durability and
mechanical integrity at a very low cost. The plastics used in general are single-use
types, specifically in packaged food and medical materials. The synthetic polymer
industry saw an annual growth rate of 9% from 1950 to 2019, and it is expected to
grow by a compound annual growth rate of 3.4 % between 2020 and 2028 with the
biggest market in developing Asian countries (Muhammad Shamsuddin, 2017;
Thiruchelvi, 2020). It is difficult for mankind to give up plastic products because of their
versatility and robustness. Researchers discovered in the last few decades that there is
a possibility to replace petrochemical-based plastics with biologically developed
polymers that have similar properties to that of conventional plastic and can degrade
naturally after being discarded (Chanprateep, 2010). An example of biologically
developed polymers is polyhydroxyalkanoates (PHAs) (Hankermeyer & Tjeerdema, 1999).
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Polyhydroxybutyrate (PHB) is a well-known PHA that is accumulated by various
bacteria as an intracellular energy storage compound (Poirier et al., 1992). PHB’s
properties such as biodegradability and biocompatibility along with its physical
properties being similar to polypropylene make it a potential replacement in packaging
and biomedical industries. There are certain drawbacks to commercial PHB production
like high production cost and poor mechanical properties, specifically, PHB’s high
brittleness and thermal instability, which limits its competition with petroleum-based
plastics. Hence, scientists have been working on improving the mechanical
performance of PHB to make it more competitive with petrol-based plastics. The major
problem in producing PHB by fermentation is the high cost of raw materials and poor
product recovery (Yeo et al., 2018).

The world economy is undergoing a major change and moving towards a bio-based
economy. Necessarily, we are focusing on efficiently using bioresources. Low-value
bioresources include a) derivatives rich in sugar, b) cellulosic raw materials like corn
stover, straws, and brans, and c) triglycerides and fatty acid-rich feedstocks. PHA has
been produced from cultivated food crops such as corn, sugar cane, palm, and
soybeans. Producing PHA from cultivated food crops threatens the global food
demand and poses a major threat to the economy. As stated by Sathya et al. (2018),
our focus has now turned to using waste materials from food processing and agrobased industries which could also work as year-round renewable feedstocks for
bioplastic production. Exploiting these waste materials,ls not only benefits in reducing
substrate costs but also effectively manages waste disposal costs. Agricultural wastes
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like oil palm bunches, corn fiber and cobs, sugarcane bagasse, waste glycerol, and rice
bran can potentially work as replacement substrates for bioplastic production
(Brojanigo et al., 2020)

The efficient use of biomass feedstock, especially lignocellulosic biomass, has
gained the world’s attention (De Bhowmick et al., 2018). Valuable bioproducts like
ethanol, succinic acid, butanol, enzymes, and PHAs could be produced at
lignocellulosic biorefineries (Zhang et al., 2019). Rural and agricultural economies
could make profits and benefit from these bioproducts. In the past decade, bioprocess
technology associated with using lignocellulosic biomass as a substrate has been
widely studied (M. Li & Wilkins, 2020a). Commercially, PHB produced from microbial
fermentation is 3 times more expensive than petrochemical-based plastics. The
feedstock makes up half the production cost (Aramvash et al., 2018).

Many renewable sources like switchgrass (Somleva et al., 2008b), corn stover
(Somleva et al., 2008a), sugarcane (McQualter et al., 2014), alfalfa (Saruul et al.,
2002), flax (Wróbel et al., 2004), and rapeseed oil (Houmiel et al., 1999) have been
used to produce PHB. Corn fiber is widely available in the US and can also serve as a
raw material to produce a variety of bioproducts. Currently, it is used as cattle feed or
as a substrate to produce ethanol. In many corn ethanol production facilities, corn
fiber is separated from the other corn components before fermentation. This corn
fiber contains low protein content but is rich in polysaccharides. The polysaccharides
found in corn fiber include starch, cellulose, and hemicellulose (Saha et al., 1998a). By
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enzymatically hydrolyzing these polysaccharides we can obtain monomeric sugars like
glucose, xylose, and arabinose that could be microbially fermented to PHB and could
be profitable for the corn industry. A bacterium, Paraburkholderia sacchari, has been
able to convert these monomeric sugars to PHB (M. Li et al., 2019a).

To produce biofuel or biopolymers, the hemicellulose and cellulose must be broken
down into monomer sugars for the microorganisms’ utilization (Kumar et al., 2009).
Cellulose is a crystalline polymer present in corn fiber that cannot be efficiently
hydrolyzed by mineral acid or enzymes directly. Disrupting corn fiber cell walls by
pretreating the fiber can greatly improve hydrolysis efficiency and yield. There are
various pretreatment methods available. They are either biological (fungal
pretreatment) or chemical (using solvents, acids, or bases, or physical (using
mechanized size reduction, steam explosion, comminution, ball milling, pressure
cooking with liquid hot water, or compression milling) (Sindhu et al., 2016)

1.2 Thesis objectives
The main goal of this thesis was to increase the yield of PHB produced from corn
fiber using Paraburkholderia sacchari. The specific objectives are as follows:

1.

Increase PHB production through the selection of effective pretreatment and

pH control strategies.
2.

Investigate how protein extraction and inoculation procedures affect PHB

production from corn fiber.
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1.3 Literature Review
1.3.1 Corn ethanol production
There are two primary processes to produce ethanol from corn – wet milling and
dry milling. The wet milling process produces additional co-products like high-fructose
corn syrup, corn gluten feed, corn syrup, starch, and corn gluten meal along with
ethanol. Every component of the corn feedstock is separately utilized, but the process
utilizes a considerable amount of water (Rausch et al., 2018). In dry milling, the corn is
ground and mixed with a small amount of water, the starch is hydrolyzed to produce
glucose by amylases, and the glucose is fermented by yeast to produce bioethanol.
The dry milling process uses the whole corn kernel without fractionating it and
generates only one co-product of ethanol, the distiller’s dry grains with solubles
(DDGS), which is sold for animal feed. The dry milling process is the most common
process for bioethanol production in the US, accounting for 80% of bioethanol
production (Kurambhatti et al., 2018a)

Figure 1.1 Dry Milling of Corn to produce ethanol (Dien et al., 2004)
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1.3.2 Corn fiber separation process
Over the last 30 years, processes have been developed to remove corn fiber prior
to the fermenter has been done in the dry grind process to maximize fermenter
capacity(Dieker et al., 2016; Singh & Eckhoff, 1996; Wahjudi et al., 2000). These processes
involved implementing parts of the corn wet milling process in the dry grind process. A
germ recovery process was carried out by (Singh & Eckhoff, 1996) in a dry-grind facility
by implementing the conventional degermination process used during wet milling. This
germ recovery process was named the “Quick Germ” process which resulted in 10.2
cents per gallon cost reduction in the ethanol production process. Another process
was later developed to recover the pericarp fiber after the Quick Germ process to
further increase the profitability of ethanol production. This process was known as the
“Quick Fiber” process (Wahjudi et al., 2000). Quick Fiber had various advantages such
as a) increasing fermenter capacity by 9 to 10%; b) increased protein concentration in
DDGS, which enhances the potential for DDGS to be considered as feed for
nonruminant livestock; c) phytosterol compounds that have been shown to decrease
cholesterol can be extracted from the fiber, and d) the fiber can serve as a cellulosic
feedstock for fermentation, such as PHB production. In the 2010’s, ICM, Inc. developed
Fiber Separation Technology (FST®) (Dieker et al., 2016), which has similarities to the
Quick Fiber process.
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Figure 1.2 Flow diagram of dry grind process with ‘Quick Germ’ & ‘Quick Fiber’ (Wahjudi
et al., 2000b)

1.3.3 Compositional analysis
The characterization of biomass before microbial fermentation is necessary for
biochemical or biofuel production (Singh et al., 2017). The output of a biochemical
conversion system, whether we are considering fuels or chemicals, highly depends on
the composition of the lignocellulosic biomass used in the input. The most important
components that are considered while analyzing biomass composition are ash,
moisture, lignin, and carbohydrates (Sluiter et al., 2004).
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Lignocellulosic biomass is abundant in carbohydrates. Determination of total solids
and total dissolved solids in lignocellulosic biomass is also an important step in the
compositional analysis of biomass. Lignocellulosic biomass samples may contain widely
variable amounts of moisture, which changes rapidly upon exposure to air. This
moisture content impacts the storage, supply, and transportation of feedstocks.
Hence, analysis of moisture content before exposure to air is important to maintain
accuracy. Ash content often reduces oil yield or chemical yield during a
thermochemical conversion process. The removal of non-structural material from
biomass before analysis by water and ethanol extraction is done to stop its
interference with further analytical steps. Water-soluble materials like nitrogenous
material, inorganic material, and non-structural sugars separate in the water
extraction phase, while ethanol extraction includes removing complex molecules like
chlorophyll and waxes (Sluiter et al., 2008)
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Table 1.1 Composition for Corn Fiber from 16% (w/v) Solids Loading– Dry basis
(Vallecilla-Yepez et al., 2021)
Components

Mean of duplicates ± one standard
deviation Corn Fiber (feed) (%dry basis)

Glucan – Non-starch

21.0 ± 0.7%

Starch

4.5 ± 0.4%

Xylan

27.5 ± 0.3%

Galactan

4.3 ± 0.2%

Arabinan

14.6 ± 0.4%

Lignin

0.8 ± 0.2%

Oil

4.2 ± 0.1%

Ash

0.6 ± 0.0%

Protein

19.3 ± 0.4%

Extractives

0.5 ± 0.1%
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1.3.4 Pretreatment
Lignocellulosic biomass is recalcitrant to direct enzymatic hydrolysis because in the
cell wall the cellulose is surrounded by lignin and hemicellulose. This makes it difficult
for enzymes or cellulases to access the cellulose. The process of converting the native
form of lignocellulosic biomass into a form that can be easily enzymatically hydrolyzed
is known as ‘pretreatment’ in the bioprocessing industry (Agbor et al., 2011). Corn
fiber needs to be pretreated before hydrolysis to expose oligosaccharides and
polysaccharides to enzyme action during enzymatic hydrolysis. There are also certain
other components, like extractives, which hinder the action of enzymes during
hydrolysis. All these factors are together responsible for the recalcitrant nature of
lignocellulosic biomass (Mussatto & Dragone, 2016). The different kinds of pretreatment
methods that have been used to separate starch, hemicellulose, cellulose, and lignin in
corn fiber are dilute acid, alkali, ammonia, and liquid hot water methods (Saha et al.,
1998b, Mussatto & Dragone, 2016; Yoo & Pan, 2017).
In the case of dilute acid pretreatment, the hydrolysis of carbohydrates is catalyzed
by acid. Commonly sulfuric acid, phosphoric acid, sulfur dioxide, and hydrochloric acid
have been used, with sulfuric acid having the highest efficiency and lowest price (Saha
et al., 2005). The temperature for acid pretreatment lies from 80°C to 220°C, with the
temperature depending on the biomass. The hemicellulose in the cell wall is
hydrolyzed into monomeric and oligomeric sugars (xylose, arabinose, mannose, and
galactose). Hemicellulose degradation causes pores on the cell wall, exposing the
cellulose, which is left to be hydrolyzed on exposure to enzymes (Saha et al., 2005).
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Dilute acid pretreatment with a sulfuric acid concentration between 0.5 to 2% is
carried out at a temperature of 140°C to 180°C, with a hold time of 10 to 40 mins. Up
to 90% of the hemicellulose is removed during pretreatment, depending on the type of
biomass. There are certain drawbacks to this process. Due to hemicellulosic sugar
degradation during pretreatment, the sugar yield is generally low. Furans and
derivatives of furan like furfural and hydroxymethylfurfural, and organic acids like
formic acid, acetic acid, and levulinic acid, act as inhibitors during fermentation to
produce bioproducts. The equipment maintenance cost for dilute acid pretreatment is
high due to acid corrosion. The production cost also rises because of extra steps on
neutralization and waste disposal during downstream processing (Martin et al., 2010).
In the case of alkaline pretreatment, bases like ammonium hydroxide, sodium
hydroxide, calcium hydroxide, and potassium hydroxide are used to pretreat the
biomass. Ester bonds, glycosidic bonds, and others present in hemicellulose and lignin
can be broken down by the bases. Higher temperature and higher chemical loading are
required while pretreating woody biomass (Zhu et al., 2010).
Liquid hot water (LHW) pretreatment uses water to pretreat lignocellulosic
biomass at high temperatures. In this process, hemicellulose hydrolysis is catalyzed by
the breakdown of the O-acetyl group present in hemicellulose. This process doesn’t
use additional acids, limiting the production of unknown inhibitors (Walker et al.,
2009). Mosier et al. (2005) pretreated the cellulose present in corn fiber with LHW at
160oC at a pH of 4. This process dissolved 50% of the fiber in just 20 min. LHW
facilitated the subsequent enzymatic hydrolysis of monosaccharides and
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polysaccharides. A very small amount of protein was dissolved in the process, hence
enriching the protein content of the material that was not dissolved. LHW
pretreatment is an efficient pretreatment method that can solubilize hemicellulose
and deconstruct biomass cell walls. This method has several advantages including
minimized byproducts formation, no chemicals required, limited corrosion problems,
modified lignin, hydrolyzed hemicellulose, and simple waste management (Saha &
Bothast, 1999). Well, et al. (1998) stated that pretreatment of corn fiber using liquid hot

water at 220oC to 260oC enhances the enzymatic hydrolysis process. They used a 2L,
304SS Parr reactor system, using 4.4% solids loading. The reactor had a ProportionalIntegral-Derivative (PID) control system and 3 turbine propellers. The pretreatment
process was able to solubilize more than 70% of corn fiber after 60 min. The cellulose
content of the remaining corn fiber was increased from 21 to 47% of the total
pretreated solids.
1.3.5 Biosynthetic pathway
The biosynthetic pathway for the synthesis of PHB in microorganisms is one of the
simplest pathways. This process mainly involves three genes, phaA, phaB, and phaC
(Rehm, 2003a). The enzyme β-ketothiolase is coded by phaA and is responsible for the
condensation of two molecules of acetyl-CoA to produce acetoacetyl-CoA. The enzyme
acetoacetyl-CoA reductase, coded by the phaB gene, converts acetoacetyl-CoA to (R)3-hydroxybutyrate-CoA. The enzyme responsible for the polymerization of (R)-3-
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hydroxybutyrate-CoA, PHA synthase, is encoded by the phaC gene (Rehm et al.,
2003b).
The three enzymes of the biosynthetic pathway for PHB are found in the cytosol of the
bacteria cell, which is where PHB accumulation takes place. Along with PHB, other
PHAs are also synthesized with C5 and C3 monomeric units. Adding valeric and
propionic acid to sugar media results in the production of copolymers, such as a
copolymer of polyhydroxyvaleric acid and PHB HV [P(HB–HV)]. PHA synthases are
classified into four different classes, depending on the subunit’s composition and
substrate specificity (Hai et al., 2004). The four classes of PHA synthases are PHA
synthase present in C. necator called class I – short-chain-length (SCL), PHA synthase
present in Pseudomonas putida called class II – medium-chain-length (MCL), PHA
synthase in Allochromatium vinosum called class III and PHA synthases present in
Bacillus sp., like B. megaterium called class IV (Singh & Chandel, 2018).
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Figure 1.3 PHB biosynthetic pathway (Suriyamongkol et al., 2007)

1.3.6 Paraburkholderia sacchari
P. sacchari was discovered as a part of a PHA production program in Brazil. The
ethanol and sugar industries wanted to select a bacterium that was successfully able to
accumulate PHB. After isolating this new species, a multiphase operation was carried
out to study the morphology, biochemistry, molecular characteristics, and physiology
of the bacterium (Brämer et al., 2002)
One of the major outcomes of this program was that P. sacchari was found to be a
good producer of PHB from carbohydrates present in sugarcane. As discussed before,
PHB has shown thermoplastic properties; hence, the aim of this program became to
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find a way to integrate biopolymer production into sugar ethanol plants (Nonato et al.,
2001)
C. necator is a PHA-producing bacteria that is considered the reference bacterium
chassis. This was the first bacteria in which PHB genetics were first studied (Peoples &
Sinskey, 1989), (Sichwart et al., 2011; Sugai et al., 1997). It was the original strain used

to produce PHB industrially. Wild type C. necator has a narrow spectrum of carbon
utilization with sucrose, mannose, lactose, and xylose not efficiently being utilized. To
solve the problem of producing PHB from sucrose, another bacterial strain was
identified and P. sacchari was thus discovered (Oliveira-Filho et al., 2021b). It was an
exceptional strain for its ability to utilize glucose, sucrose, arabinose, xylose, mannose,
fructose, and galactose to produce PHB. This represented that its genetics provided a
broader spectrum for using different carbon sources when compared to C. necator
(Dietrich et al., 2018)
P. sacchari can reach a high biopolymer yield with xylose (0.38g/g) and sucrose
(0.29g/g), which makes it a potential strain for PHB accumulation. This strain has
shown great potential for integration into a biorefinery, using biomass residues, and
producing up to 146 g/L cell dry weight (CDW) containing 72% PHA (Oliveira-Filho et
al., 2021a). The specific growth rate (µ) of P. sacchari on sucrose (without hydrolysis)
was reported as 0.33 h-1. This value was greater than the specific growth rate of C.
necator DSM545 with inverted syrup (0.30 l/h) (Silva et al., 2000) or with glucose as
substrate (0.23 l/h). (Vrana Špoljarić et al., 2013).
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1.3.7 Fermentation in Shake Flask
Fermentation of various lignocellulosic biomass types to produce PHB using P.
sacchari has been performed in various studies. González-García et al. (2019) used
tequila agave bagasse (TAB) to produce PHB using P. sacchari. TAB is a fibrous waste
generated as a part of tequila production. TAB when enzymatically hydrolyzed yielded
20.6g/L of fermentable sugars, with xylose and glucose in the ratio of 7:3. Finally, this
study concluded that when using TAB hydrolysate in a two-step batch culture method,
11.3g/L of PHB was produced. PHB cellular accumulation was 0.24 g PHB g-1 dry cell.
Another lignocellulosic biomass, hardwood hydrolysate, was used by Dietrich et al.
(2020) to produce PHB using P. sacchari. The fermentation was carried out in a
bioreactor for 52 h with the bacterium P. sacchari IPT 101 LMG 19450. The maximum
PHB concentration obtained was 34.5 g/L. This is one of the highest concentrations
obtained using lignocellulosic biomass as substrate. The final cell mass PHB content
was 58% and the productivity was 0.72 g/(L*h).
1.3.8 Characterization of PHB
Various characterization methods are performed to analyze the PHB sample
obtained after fermentation, like UV-visible absorption spectroscopy, Fourier
transform infrared spectroscopy (FT-IR), gas spectroscopy-mass spectrometry (GC-MS),
nuclear magnetic resonance (NMR), High-Performance Liquid Chromatography (HPLC),
and differential scanning calorimetry (DSC) (Xu et al., 2010).
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Thirumala et al. (2010) studied the mole fraction and structure of the -HB
fragments in PHB using NMR at 400-MHz H spectra recorded at 27oC in cadmium
chloride solution. The quantification of the polyester content in the cell and the
composition was determined using GC-MS. The molecular mass of PHB was estimated
using the inherent viscosity technique. ATR-FTIR spectroscopy was used by Thapa et al.
(2018) to analyze the functional groups present in PHB. The prominent groups were
CH3, CH2, C-O, C=O, OH, and CH and they worked as a critical to ensure the presence of
PHB.
Mechanical properties of PHB were studied by Reis et al., (2008) using a texture
analyzer TA-XT2. From the data obtained in this analysis, strength and young’s
modulus were calculated by averaging values from the strain-stress diagram curves. A
puncture test was also performed to estimate the puncture force using a load cell of
5kg. This study also characterized PHB using BioRad FTS175c FTIR; Pro-Plus 4.5 optical
microscopy at 4x and 20x magnification; scanning electron microscopy - LEO EVO 40
was used to observe the film surface.
1.3.9 Conclusion
This thesis was focused on PHB production from corn fiber using P. sacchari. In the
second chapter, liquid hot water pretreatment and alkaline pretreatment of corn fiber
were utilized to reduce the recalcitrance of corn fiber. The pretreatment was followed
by enzymatic hydrolysis with cellulases to release the fermentable sugars like glucose,
xylose, and arabinose. The sugars were fermented by P. sacchari to accumulate PHB. In
the second chapter, the effect of using pH control during enzymatic hydrolysis and
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fermentation was studied concerning its effect on PHB yield. The third chapter is
focused on studying the effect of protein extraction from corn fiber and the effect of
the inoculation method on PHB yield.
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Chapter 2 Investigation of pH control and pretreatment method PHB
production from corn fiber using P. sacchari
2.1 Abstract
The urgent need to replace petrochemical-based plastics with bioplastics like
Polyhydroxybutyrate (PHB) has increased over the last few decades. The major
restraint in the process is the high substrate cost. Conversion of a cost-effective carbon
source from lignocellulosic biomass to PHB could solve that problem and make
biorefineries more economical. In this study, a cheap carbon source, corn fiber (CF)
was used for the fermentation to produce PHB. Corn fiber hydrolysate was produced
by pretreating CF followed by enzymatic hydrolysis. Glucose and xylose are the main
sugars present in corn fiber hydrolysate. Paraburkholderia sacchari DSM 17165 is a
well-known PHB-producing organism that can ferment these monomeric sugars to
PHB. Pretreatment methods, the buffer used during enzymatic hydrolysis, and pH
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during batch fermentation have a substantial effect on PHB yield. This study explored
the effect of two pretreatment strategies, liquid hot water (LHW) pretreatment and
alkaline pretreatment, and several pH control strategies affected PHB yields. The
highest PHB yield of 0.36 g PHB/ g sugars was obtained with LHW pretreatment,
acetate buffer in enzymatic hydrolysis, and using phosphate buffer as pH control
during fermentation as compared to the PHB yield of 0.36 g PHB/ g sugars in control.
Keywords: Bioplastics; Polyhydroxybutyrate; Corn Fiber; Paraburkholderia sacchari.
2.2 Flowchart

Figure 2.1 Flow diagram for research chapter 2
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2.3 Introduction
The world is heavily dependent on synthetic polymers like petrochemical-based
plastics. In the last five decades or so, this demand has produced a large amount of
non-biodegradable waste and caused environmental pollution, affecting terrestrial and
aquatic ecosystems (Cesário et al., 2014a; Ciesielski et al., 2015; Pradhan et al., 2017);
hence, the use of biodegradable plastic is becoming crucial. A well-known
biodegradable polymer is Polyhydroxybutyrate (PHB), a polyhydroxyalkanoates (PHA)
that has mechanical properties similar to polypropylene, a petroleum-based plastic,
and can be used for packaging. Due to PHB’s biocompatible nature, it is also being
widely used in pharmaceutical industries (Koller, 2018). Microbial fermentation is one
of the maj(Tokiwa & Calabia, 2004)ng PHB (Tokiwa & Calabia, 2004). PHB is accumulated
by microorganisms like Bacillus sp., Cupriavidus necator, Pseudomonas sp., and
Halomonas sp., (Park et al., 2020) as an energy reserve molecule inside the bacterial
cell under nutrient-limited growth conditions (Singh & Parmar, 2011). The recent
commercial price of PHB is about three times the price of petro-based plastics, with
raw materials making up about 40 to 50 % of the production cost (Choi & Lee, 1999;
Mudliar et al., 2008). Lignocellulosic biomass, which is forestry and agricultural residues,

can serve as a sustainable substitute for petroleum as a substrate for PHB production
because of its abundance and renewable nature (Lee et al., 2022).
In recent years, Fiber Separation Technology TM (FST™) (ICM, Colwich, KS) has been
installed in corn ethanol plants using a dry milling system. This process removes the
fiber before fermentation to increase the fermenter capacity. This separated fiber is
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used as cattle feed and is sold at a low value. It contains substantial amounts of
polysaccharides and low amounts of protein (Vallecilla-Yepez et al., 2021). Through
pretreatment and enzymatic hydrolysis, corn fiber can be converted to its monomeric
sugar forms and can serve as a cheap raw material for PHB production. The lignin
content of corn fiber is low (Vallecilla-Yepez et al., 2021), hence less severe
pretreatment methods can be used, like liquid hot water (LHW) or dilute alkaline
pretreatment, before saccharification. LHW and alkaline pretreatment produce fewer
inhibitory compounds after low-temperature enzymatic hydrolysis than acid
pretreatment. Monomer sugars like glucose, xylose, arabinose, mannose, and
galactose are obtained from the breakdown of cellulose and hemicellulose. With the
advancement of pretreatment and enzymatic hydrolysis methods, sugar yields of over
90% have been achieved from various lignocellulosic biomass (Liu et al., 2015).
Lignocellulosic biorefineries have three main sugars glucose, xylose, and arabinose.
The composition and ratio of these sugars in a particular stream depend on the
pretreatment method used (Cesário et al., 2014b).
Paraburkholderia sacchari (P. sacchari) DSM 17165, previously known as
Burkholderia sacchari (B. sacchari), is a PHB-producing strain that was identified in
Brazil capable of converting glucose, xylose, and arabinose to PHB. Lopes et al., (2009)
and Li et al., (2019)conducted fermentation experiments with P. sacchari using sugar
mixtures of glucose, arabinose, and xylose. The polymer yield was 25% lower than
fermentations conducted with only glucose. This can be explained by a phenomenon
known as carbon catabolite repression (CCR) where glucose is consumed
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preferentially, delaying the consumption of pentoses, extending the fermentation
time, and reducing the cost-effectiveness of the process. This study uses CF
hydrolysate with high amounts of glucose compared to xylose (17:1), and a very
insignificant amount of arabinose. The overall goal is to improve the PHB yield using
corn fiber hydrolysate as substrate and to achieve a yield comparable to that of a
control sugar mixture which mimics the sugar composition in the hydrolysate. The
specific objectives of this study were to understand the effects of the following on PHB
yield: i) comparing liquid hot water pretreatment and alkaline pretreatment, ii)
comparing the pH control method during enzymatic hydrolysis, and iii) optimizing the
use of pH control during fermentation.
2.4 Materials and Methods:
2.4.1 Corn Fiber
Corn fiber (CF) was obtained from E-Energy Adams, LLC (Adams, NE, USA). The
moisture content of the CF was measured using a Metter Toledo HE53 moisture
analyzer. CF was evenly spread out in a thin layer and dried in large aluminum trays
(Dimension: 52.71 x 32.54 x 8.58 cm) in an oven at 50 °C. After reducing the moisture
content between 2% to 6%. Later, CF was ground using a Wiley mill (Thomas Scientific,
Swedesboro, NJ, USA) to 20 mesh (0.841 mm) size and was stored in air-sealed
containers.

31

2.4.2 Pretreatment of CF
Two different kinds of pretreatment of CF were conducted in this study. LHW was
carried out in a 1 L benchtop Parr Reactor (Parr Reactor Model 4848, Parr Instrument
Co., Moline, IL, USA). 75 g of dry CF and 425 g of deionized water were added to the
vessel to achieve 15% solids loading, heated to 180 °C, mixed with an agitation speed
of 300 rpm, and then held at 180 °C for 10 min. The heating mantle was then removed,
and the contents were cooled to 60 °C using water flowing through a cooling coil. The
mixture was then vacuum filtered using a coffee filter, and the liquid fraction, called
prehydrolysate, was stored at 4 °C. The solids were washed with 750g of warm
distilled water and stored at 4 °C.
Alkaline pretreatment was carried out in the same Parr reactor using a dilute NaOH
solution. The corn fiber solids loading was 10%, with 60g of dry CF added to 3 g of
NaOH and 540 ml of distilled water (0.05g NaOH/g corn fiber). The agitation speed was
maintained at 300 rpm, and the temperature was increased to 140 °C and held for 60
min. The heating mantle was then removed, and the contents were allowed to cool to
45 °C using water flowing through a cooling coil. The contents were not vacuum
filtered to separate the pretreated solids from the prehydrolysate. The prehydrolysate
and solids mixture was stored in a glass vessel at 4 °C. The mixture was later used for
enzymatic hydrolysis. The liquid hot water hydrolysate (LHW) and alkaline pretreated
hydrolysate (APH) were later fermented to produce PHB and study the effect of the
two pretreatments on PHB yield.55
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2.4.3 Enzymatic Hydrolysis
LHW pretreated solids were subjected to three different enzymatic hydrolysis
conditions in this study. All hydrolyses used a 15% solids loading. For the first trial,
LHW pretreated solids, 50mM citrate buffer at pH 4.8, and cellulase enzyme (CTec2,
Novozymes, Franklinton, NC, USA) at a concentration – 20 FPU/g glucan (Filter Paper
Units) were added to 250ml Kimax Baffled flask to achieve a mass of 55g of solids in
each flask. The mixture was incubated in a shaker at 200 rpm for 72 h at 50 °C. The
positive control sugar mixture for this trial was control 1 and the hydrolysate was
citrate buffer hydrolysate (CBH). The second trial was conducted using 50mM acetate
buffer at pH 5, with 15% solids loading like before and cellulase enzyme (20 FPU/g
glucan) in a 250ml Kimax Baffled flask. The mixture was incubated as described above.
After 72 hours, the mixture was vacuum filtered using two coffee filter papers. The
positive control sugar mixture for this trial was control 2 and the hydrolysate was
acetate buffer hydrolysate (ABH). The third trial was carried out in a bench-scale
bioreactor (Eppendorf BioFlo® 115, Enfield, CT, USA). The pretreated solids were
added to the reactor at 10% solids loading and then autoclaved at 121 °C for 25 min.
Solutions of 5M H2SO4 and 5M NaOH were used to maintain the pH during the process.
The agitation speed was maintained at 1,000 rpm to achieve a homogenous mix of
solids. Once the pH of the mixture reached 5, the calculated amount of cellulase
enzyme to achieve 20 FPU/g glucan (Ctec2) was added aseptically using a syringe.
After adding the enzyme, the agitation speed was reduced to 600 rpm and maintained
for 24 h, and then reduced to 400 rpm and maintained for the next 48 h. The
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temperature of the mixture was maintained at 50 °C. After 72 h, the contents of the
bioreactor were filtered using two coffee filter papers and vacuum filtration. The
positive control sugar mixture for this trial was control 3 and the hydrolysate was
bioreactor hydrolysate (BRH). All the hydrolysates were stored at 4 °C for
fermentation.
2.4.4 Microorganism and Inoculum
P. sacchari DSM 17165 was purchased from the German Collection of
Microorganisms and Cell Cultures (DSMZ, Braunschweig, Germany). It was obtained as
dry pellets, which were regenerated and sub-cultured in a 20 ml seed medium
containing glucose, 30 g/L; meat extract, 3 g/L; and meat peptone, 5g/L. The cells were
grown for at least two generations until an OD of 10 was reached in 24 h. The
subculturing process was conducted in 250 ml baffled flasks with silicone sponge
closures at 250 rpm and 30 °C. The culture with OD 10 was stored with 30% glycerol in
2ml culture tubes. One culture tube was inoculated in the seed medium and was used
for preculture preparation. Once the culture reached the late exponential phase,
which was observed from 22 h to 24 h when OD was between 8 to 10, the culture was
centrifuged at 2,000 rpm for 10 min. The cell pellet was washed twice in 0.89% NaCl
and used as inoculum. The inoculum was added to each flask containing fermentation
media to obtain a starting OD of 1.5.
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2.4.5 PHB Production
The PHB production process used corn fiber hydrolysate as the carbon source and
0.1 g/L of (NH4)2SO4 and 1.0 g/L yeast extract as the nitrogen sources. Additional
nutrient salts added to the media were Na2HPO4·2H2O, 4.5 g/L; KH2PO4, 1.5 g/L;
MgSO4·7H2O, 0.2 g/L; yeast extract, 1.0 g/L; CaCl2·2 H2O, 0.01 g/L; Fe(NH4)2 citrate,
0.06 g/L and 1ml/L of trace elements solution as stated previously by (Ramsay et al.,
1990). The trace element solution was prepared by adding the following salts H 3BO3,
0.3 g/L; Na2MO4·2H2O, 2.25 g/L; MnCl2·4H2O, 2.25 g/L; MnSO4·5H2O, 0.5 g/L;
CaCl2·2H2O, 2 g/L; Na2B4O7·10H2O, 0.23 g/L; (NH4)6Mo7O24, 0.1 g/L; 35% HCl 10 ml/L.
Additionally, in some trials, phosphate buffer (50mM, pH 6.8) was added to the media
in place of Na2HPO4·2H2O, to maintain pH during fermentation. The comparison
between LHW pretreated hydrolysate, with no phosphate buffer (LHWNP), and LHW
pretreated hydrolysate with phosphate buffer (LHWP) was studied. Fermentation was
carried out at 30°C at 250 rpm, for 72 h, as described in “Microorganism and
Inoculum”. For spectrophotometric analysis, pH, sugar analysis, and PHB
quantification, samples were collected initially and every 24 h. The positive control for
every experiment to study the comparative PHB yield from hydrolysates. It was
prepared by mimicking the sugar concentration in the hydrolysates, for every
treatment, and the same nutrients with the same concentration in the hydrolysate
were added to the positive control.
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2.4.6 High-Performance Liquid Chromatography (HPLC) sugar analysis
Monomer sugars were analyzed using high-performance liquid chromatography
(HPLC) equipment (UltiMate™ 3000 LC System, ThermoFisher Scientific, Rockwood,
TN). A carbohydrate analysis column (Aminex HPX-87P, 300 × 7.8 mm Bio-Rad,
Hercules, CA) was used to analyze the compounds. Each sample was centrifuged at
13,000 rpm for 5 min and the liquid supernatant was analyzed.

2.4.7 Gas chromatography-mass spectrometer (GC–MS) for PHB quantification
For PHB quantification, the method described by Dobroth et al., (2011) and Dai et
al., (2015) was followed. Two ml of the sample was centrifuged in a 15 ml
polypropylene tube at 3,000 rpm for 10 min. The supernatant was discarded, and the
cell pellet was washed in 0.89% NaCl, twice. The cell biomass was methanolized using
2 ml of acidified methanol (3% v/v H2SO4 in methanol) and 2 ml of chloroform in a
glass tube which is kept in a heat block at 105 °C for 3 h. After 3 h, the samples are
allowed to cool to room temperature and 1 ml of deionized water was added to each
tube and vigorously vortexed. The organic phase was recovered using a glass pipette
and dried using anhydrous sodium sulfate before analysis. The standard was prepared
following the same method using 2 mg, 4 mg, 8 mg, 12 mg, and 16 mg of commercially
purchased sodium hydroxybutyrate (Sigma-Aldrich, MO, USA).
A GC-MS (Trace 1310, ISQ QD, ThermoScientific, Waltham, MA, USA) was used to
quantitate PHB. A TG-5MS (30 m × 0.25 mm ID × 0.25 film) capillary column
(ThermoFisher Scientific, Waltham, MA, USA) was used to separate compounds. The

36

injector temperature, injection mode, MS transfer line temperature, ion source
temperature, and ionization mode were set according to the procedure described by
(M. Li & Wilkins, 2020b). Data analysis was performed using Chromeleon

7 chromatography studio (ThermoFisher Scientific, Waltham, MA, USA).

2.4.8 Calculations
PHB yield was calculated according to the following formula:
YPHB =

𝑃𝐻𝐵(𝑡)
𝑆𝑢𝑔𝑎𝑟 (𝑡𝑜)−𝑆𝑢𝑔𝑎𝑟 (𝑡)

Where, YPHB = PHB Yield ; PHB (t) = PHB concentration (g/L) at t = 24, 48 and 72 h;
Sugar (t0) = Sugar concentration (g/L) at 0 h and Sugar (t) = Sugar concentration (g/L) at
24, 48 and 72 h.
The PHB yield based on the sugars in the raw corn fiber was calculated according to
the following formula:
Y’PHB =

𝑃𝐻𝐵(𝑡)
𝑆𝑢𝑔𝑎𝑟 (𝑟𝑎𝑤)−𝑆𝑢𝑔𝑎𝑟 (𝑡)

Where, Y’PHB = PHB Yield (measured over sugars in raw corn fiber) ; PHB (t) = PHB
concentration (g/L) at t = 24, 48 and 72 h; Sugar (raw) = Sugar concentration (g/L) of
raw corn fiber and Sugar (t) = Sugar concentration (g/L) at 24, 48 and 72 h.
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2.4.9 Statistical Analysis
The statistical analysis of the data was presented as mean ± standard deviation.
The comparisons between means were subjected to an analysis of variance (ANOVA)
using SAS (Version 9.4 TS Level 1M6, SAS Inst. Inc., Cary, NC, USA). Means from
different independent variables were separated using the Tukey test. The statistical
difference between the different groups of data was studied at a 95% confidence
interval
2.5 Results and Discussion:
To understand the viability of using CF hydrolysates as a cost-effective, renewable
source for PHB production, fermentation of CF hydrolysates and a control sugar
mixture that mimics the sugar concentrations in corn fiber hydrolysates with P.
sacchari were performed.
2.5.1 Optimization of Enzymatic Hydrolysis
Fig. 2.1 shows the sugar consumption (g/L) and PHB production (g/L) for CBH.
Glucose and xylose are the two main sugars present in CBH. As observed in Fig. 2.1,
sugar consumption (both glucose and xylose) in CBH was significantly less than that in
the control. After 24 h, 13.7 g/L of glucose and 0.19 g/L of xylose were consumed in
the control 1 while 6.62 g/L of glucose and 0.05 g/L of xylose were consumed in CBH.
The control PHB concentration after 24 h was 4.38 g/L with a yield of 0.31 g PHB/g
sugars (g/g) while the CBH PHB concentration was 0.85 g/L with a yield of 0.13 g/g, (Fig
2.2). After 48 h, 63.4 % of the initial glucose and 13.3 % of the initial xylose in the
control were consumed to produce a PHB concentration of 7.80 g/L with a yield of
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0.347 g/g, whereas only 27.8% of initial glucose and 6.5 % of initial xylose were
consumed in CBH to produce 1.15 g/L PHB and a yield of 0.116 g/g (Fig. 2.2.). Fig 2.1.
shows that after 72 h 93.5 % of the initial glucose and 20.1 % of initial xylose were
consumed in the control to produce a PHB concentration of 9.27 g/L with a yield of
0.28 g/g, whereas 41.2 % of the initial glucose and 21.7 % of initial xylose were
consumed in CBH to produce 1.42 g/L of PHB and a yield of 0.10 g/g. After statistical
analysis, it was found that there was a significant difference (p<0.05) in PHB yield
between control 1 and CBH at every time point. At every time point, the PHB yield in
control 1 was significantly higher than that in CBH.
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Figure 2.2 Time series data of PHB fermentation: Control 1 (Initial glucose concentration
34.78 g/L and 1.44 g/L) and CBH (Initial glucose and xylose concentration 35.65 g/L and
1.85 g/L).
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Figure 2.3 Comparison of PHB yield in control 1 and CBH over time. The control PHB
yield after 24 h, 48 h, and 72 h was 0.31 g/g, 0.35 g/g, and 0.28 g/g while the CBH PHB
yield at 24 h, 48 h, and 72 h was 0.13 g/g, 0. 12 g/g and 0.10 g/g.
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Fig 2.3 shows the sugar consumption (g/L) and PHB production (g/L) for ABH.
Glucose and xylose are the two main sugars present in ABH. After 24 h, 13.56 g/L of
glucose and 0.43 g/L of xylose were consumed in the control while 3.21 g/L of glucose
and 0.21 g/L of xylose were consumed in ABH. The control PHB concentration after 24
h was 3.75 g/L with a yield of 0.28 g/g, while the ABH PHB concentration was 0.81 g/L
with a yield of 0.23 g/g (Fig 2.4). After 48 h, 65.6 % of the initial glucose and 41.2 % of
the initial xylose in the control were consumed to produce 6.42 g/L of PHB with a yield
of 0.36 g/g; whereas only 27.8 % of initial glucose and 21.1 % of initial xylose in CBH
were consumed to produce 0.91 g/L PHB with a yield of 0.14 g/g of PHB in ABH (Fig.
2.4). After 72 h, 92.4 % of the initial glucose and 50.5 % of xylose in the control were
consumed to produce 8.78 g/L of PHB with a yield of 0.28 g/g; whereas 33.9 % of
initial glucose and 27.2 % of the initial xylose in ABH were consumed to produce 1.23
g/L of PHB with a yield of 0.09 g/g. After statistical analysis, it was found that PHB yield
in control 2 and ABH was non-significantly different at 24 h. But, at 48h and 72h, the
PHB yield was significantly higher in control 2 than in ABH. This possible reason behind
this was the significant drop in pH after 24 h in ABH, lowering the cell growth in turn
reducing the PHB yield.
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Figure 2.4 Time series data of PHB fermentation: Control 2 (Initial glucose concentration
33.20 g/L and 1.67 g/L) and ABH (Initial glucose and xylose concentration 32.95 g/L and
1.61 g/L).
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Figure 2.5 Comparison of PHB yield in control 2 and ABH over time. The control PHB
yield after 24 h, 48 h, and 72 h was 0.28 g/g, 0.36 g/g, and 0.28 g/g while the ABH PHB
yield at 24 h, 48 h, and 72 h was 0.23 g/g, 0. 14 g/g and 0.10 g/g.

44

Fig 2.5 shows the sugar consumption (g/L) and PHB production (g/L) for control 3
and BRH. Glucose and xylose are the two main sugars present in BRH. As observed in
Fig 2.5, after 24 h, 7.63 g/L of glucose and 0.53 g/L of xylose were consumed in the
control while 3.37 g/L of glucose and 0.03 g/L of xylose were consumed in BRH. The
control PHB concentration after 24 h was 2.57 g/L with a yield of 0.30 g/g while the
BRH PHB concentration was 0.60 g/L with a yield of 0.20 g/g (Fig. 2.6). After 48 h, 82.8
% of the initial glucose and 84.5 % of the initial xylose in the control were consumed to
produce 2.58 g/L of PHB with a yield of 0.34 g/g, whereas only 31.7 % of initial glucose
and 5.9 % of initial xylose in BRH were consumed to produce 0.71 g/L PHB with a yield
of 0.12 g/g of PHB (Fig 2.6). After 72 h, PHB concentration increased to 8.77 g/L in the
control, but the PHB concentration decreased in BRH to 0.53 g/L. After statistical
analysis, it was observed that PHB yield at 24 h was non significantly different in
control 3 and BRH, but at 48h and 72 h, it was observed that the PHB yield in control 3
was significantly higher than that in BRH.
The initial glucose and xylose concentrations in BRH were significantly lower than
those in CBH and ABH. The probable cause of this issue was the lack of a homogenous
mixing of pretreated solids and deionized water due to the high viscosity of the
pretreated semi-solid mixture in the bioreactor. Poor mixing resulted in the pH of the
mixture in the bioreactor being non-homogenous, resulting in the enzyme being
incompletely dispersed, hence it did not allow the complete enzymatic degradation of
the polysaccharides into monomeric sugars. Sugar consumption was less in BRH as
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compared to the control because there was a steep decrease in the pH of BRH after 24
h, similar to ABH. Hence it is recommended to use a pH control during fermentation.

Figure 2.6 Time series data of PHB fermentation: Control 3 (Initial glucose concentration
19.66 g/L and 1.01 g/L) and BRH (Initial glucose and xylose concentration 19.91 g/L and
0.95 g/L).
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Figure 2.7 Comparison of PHB yield in control 3 and BRH over time. The control 3 PHB
yield after 24 h, 48 h, and 72 h was 0.30 g/g, 0.34 g/g, and 0.33 g/g while the BRH PHB
yield at 24 h, 48 h, and 72 h was 0.19 g/g, 0.12 g/g, and 0.09 g/g.
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Fig 2.7 shows the OD value over time plot for CBH and ABH. The starting OD for
CBH was 1.39 and for ABH was 1.29. For both the hydrolysate there was an increase in
OD value in the first 24 h to 7.93 for CBH and 6.21 for ABH. After 48 h the OD value of
CBH increased to 9.01 and 9.95 at 72 h, while the OD value of ABH decreased after 24
h to 4.73 at 48 h and 4.23 at 72 h. After statistical analysis, it was observed that the OD
value of CBH was significantly higher than the OD value of ABH. As discussed earlier,
the sugar consumption for CBH (Fig. 2.8) was less compared to control 1, but still, OD
values increased over time. This data suggests that the P. sacchari cells fed on another
carbon source and not on the carbon from the sugars in CBH, because the PHB yield
(fig 2.2) was lower compared to the PHB yield to control 1. The possible reason is that
the carbon from the citrate molecule was preferentially taken up by the bacteria
because citrate can easily be consumed in the Kreb’s cycle as compared to monomeric
sugars which need to be metabolized before being utilized by the bacteria.
It was observed in fig. 2.3 glucose and xylose consumption were less in ABH as
compared to control 2, substantiating the lower OD value of ABH seen in fig 2.7. The
probable reason is the sudden drop in pH of ABH after 24 h of fermentation (from an
initial pH of 6.83 to 4.31) and a further decrease in pH to 3.23 at 72 h.
Fig 2.8 shows the PHB yield comparison for CBH, ABH, and BRH. These results show
that enzymatic hydrolysis using ‘Acetate Buffer’ gave the best PHB yield at 24 h, 0.23
g/g as compared to CBH, 0.13 g/g, and BRH 0.19 g/g. Also, the statistical analysis data
suggested that at 24 h the PHB yield of ABH was significantly higher than the PHB yield
of CBH and BRH, with the lowest yield in BRH. The findings here also suggest that not
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only do the conditions of enzymatic hydrolysis for media preparation influence PHB
production, but a certain pH threshold is required for achieving better yield in the later
stage of fermentation. As mentioned by Tripathi et al., (2013) a pH range of 6.0 to 7.5
is needed for efficient microbial growth and PHB production. It could be hypothesized
that ABH with pH control in fermentation media would enhance carbon flux to PHB
compared to CBH, for biosynthetic selection and conducting enzymatic hydrolysis in
the bioreactor for poor sugar yield. To the author’s knowledge, there has been no
previous study comparing pH control methods during enzymatic hydrolysis of
pretreated corn fiber.
The PHB yield based on sugars present in the raw corn fiber for CBH at 24h was
0.068 g/g, at 48 h was 0.061 g/g and 72 h was 0.051 g/g, ABH at 24h was 0.123 g/g, at
48 h was 0.075 g/g and 72 h was 0.052 g/g and BRH at 24h was 0.093 g/g, at 48 h was
0.067 g/g and 72 h was 0.046 g/g.
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Figure 2.8 Comparison of OD value over time for CBH and ABH. The starting OD of CBH
was 1.39 and of ABH was 1.29.
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Figure 2.9 Comparison of PHB yield in CBH, ABH, and BRH. The PHB yield in CBH, ABH,
and BRH at 24 h was 0.13 g/g. 0.23 g/g and 0.19 g/g; at 48 h was 0.12 g/g, 0.14 g/g and
0.13 g/g and at 72 h was 0.09 g/g, 0.10 g/g and 0.08 g/g.
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2.5.2 Optimization of using Phosphate Buffer as pH control
As suggested above phosphate buffer was used in fermentation. Fig 2.9 shows the
sugar consumption (g/L) and PHB production (g/L) for control 4 and LHWNP. The initial
glucose concentration in control 4 was 32.88 g/L and in LHWNP was 32.96 g/L and the
initial xylose concentration was 1.67 g/L in control 4 and 1.1 g/L in LHWNP. The PHB
concentration after 24 h, 48 h, and 72 h in control 4 was 3.95 g/L, 8.04 g/L, and 9.76
g/L, while it was 0.79 g/L, 1.04 g/L, and 1.38 g/L in LHWNP. After 24 h, 40.3 % of
glucose and 25.9 % xylose were used in control 4 while 12.8 % of glucose and 13.4 % of
xylose were used in LHWNP. The pH after 24 h in control 4 and of LHWNP was 5.89 and
5.23, while between 24 h and 48 h the pH of control 4 reduced to 5.67 while the pH of
hydrolysate reduced to 4.21 and 3.42 (Fig. 3.9). This decreased cell growth in LHWNP,
in turn, reducing the PHB yield to 0.098 g/g at 72 h. After statistical analysis, it was
observed that the control 4 PHB yield was not significantly different from the PHB yield
of LHWNP (p>0.05) and the pH of control 4 was also significantly higher than the pH of
LHWNP at 48 h and 72 h.
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Figure 2.10 Time series data of PHB fermentation: Control 4 (Initial glucose
concentration 32.88 g/L and 1.67 g/L) and LHWNP (Initial glucose and xylose
concentration 32.96 g/L and 1.61 g/L). The PHB concentration at 72 hours was 9.80 g/L
in control 4 and 1.38 g/L.
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Figure 2.11 Shows the time series data of changing pH over time in course of
fermentation for control 4 and LHWNP. The starting pH for control 4 and LHWNP were
6.83 and 6.84.

Fig 2.11. shows the sugar consumption of sugar consumption (g/L) and PHB
production (g/L) for control 5 and LHWP. The initial glucose concentration in control 5
was 35.32 g/L and in LHWNP was 34.91 g/L and the initial xylose concentration was
2.08 g/L in control 5 and 1.96 g/L in LHWP. The PHB concentration after 24 h, 48 h, and
72 h in control 4 was 3.12 g/L, 8.02 g/L, and 9.59 g/L, while it was 2.72 g/L, 6.69 g/L,
and 8.85 g/L in LHWP. After 48 h, 59.7% of glucose and 65.0% xylose were used in
control 5 while 50.9% of glucose and 65.2 % of xylose were used in LHWP. The pH
trend throughout the fermentation in control 5 and of LHWP was similar as observed
in fig 2.12. The pH after 24 h in control 5 and LHWP was 5.87 and 5.65, while between
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24 h and 48 h the pH of control 5 reduced to 5.60 and 5.26. The PHB yield to 0.36 g/g
at 72 h. After statistical analysis it was observed that the PHB yield of control 5 was not
significantly different from the PHB yield of LHWNP, also the pH of control 5 and
LHWNP was not significantly different (p.0.05). These results concluded that the
phosphate buffer did help in maintaining the pH of the fermentation media, especially
after 24 h of starting the fermentation, in turn helping in achieving similar PHB yield in
LHWNP as compared to control 5.
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Figure 2.12 Time series data of PHB fermentation: Control 5 (Initial glucose and xylose
concentration 35.32 g/L and 2.08 g/L) and LHWP (Initial glucose and xylose
concentration 34.91 g/L and 1.96 g/L).
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Figure 2.13 Shows the time series data of changing pH during fermentation for control 5
and LHWP. The starting pH of control 5 and LHWP were 6.81 and 6.82.

The pH variation over time during fermentation for LHWNP and LHWP is displayed
in Fig. 2.13. The pH of LHWNP dropped to 4.21 after 48 h, while the pH of LHWP only
reduced to 5.26, After 72 h, the pH of LHWNP was 3.42 and of LHWP was 5.06. It can
be concluded from this data that the phosphate buffer did help to maintain the pH of
the fermentation media. Fig 2.14 shows the PHB yield over time for LHWNP and LHWP.
The average PHB yield of LHWNP at 24 h, 48 h, and 72 h was 0.18 g/g, 0.14 g/g, and
0.11 g/g, respectively, while the average PHB yield of LHWP at 24 h, 48 h, and 72 h was
0.27 g/g, 0.36 g/g, and 0.29 g/g, respectively. Also, after statistical analysis, it was
found that there is a significant difference between LHWNP and LHWP at every
timepoint. These results confirmed that pH is an important factor for PHB production.
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The PHB yield on the basis of sugars present in the raw corn fiber for LHWNP at
24h was 0.095 g/g, at 48 h was 0.074 g/g and 72 h was 0.052 g/g and LHWP at 24h was
0.137 g/g, at 48 h was 0.189 g/g and 72 h was 0.137 g/g.
These results showed that the PHB yield can be significantly improved by
controlling the pH of the fermentation media. Therefore, it can be concluded that an
appropriate concentration of phosphate buffer did help in bettering the microbial
growth condition and led to an increase in polymer accumulation and storage in the
microbial cells. Furthermore, Fleit (1995) concluded that the PHB content at a pH of
5.5 was much higher than that at 4.5. This study indicated that pH 4.5 created an
unsteady state. The possible reason is the undissociated molecule of acetic acid, which
rapidly moves in through the microbial cell membrane. The dissociation of this
molecule causes a proton load on the cytosol, which is responsible for reducing the
intracellular pH. When the extracellular pH was 4.5, the intracellular pH was probably
much lesser than 4.0. Therefore, being able to maintain the pH between 5.65 and 5.06
(24 h to 72 h) helped achieve a better PHB yield.
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Figure 2.14 Shows the time series data of changing pH during fermentation for LHWNP
and LHWP. The starting pH of LHWNP and LHWP was 6.84 and 6.82

59

Figure 2.15 Comparison of PHB yield in LHWNP and LHWP over time. The LHWNP PHB
yield after 24 h, 48 h, and 72 h was 0.18 g/g, 0.31 g/g, and 0.29 g/g while the LHWP PHB
yield at 24 h, 48 h, and 72 h was 0.27 g/g, 0. 31 g/g and 0.29 g/g.

2.5.3 Effect of pretreatments on PHB yield
Fig. 2.15 shows the glucose and xylose consumption and PHB production
concentration (g/L) in LHW and APH hydrolysates. The initial glucose concentration in
LHW was 35.19 g/L while in APH was 17.77 g/L. Wan et al., (2011) reported that NaOH
pretreated solids had lower cellulose digestibility. The possible reason could be that
alkaline pretreatment is not great at removing hemicellulose. The xylose concentration
on the other hand is 3.85 g/L in APH, which is higher than the xylose concentration of
LHW, 1.95 g/L. The probable reason for this is that the prehydrolysate, which contains
most of the hemicellulose, is filtered out in LHW pretreatment, while in APH the
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complete mixture of prehydrolysate and solids are used for enzymatic hydrolysis,
preventing loss of hemicellulose.
Fig 2.15 shows the sugar consumption (g/L) and PHB production (g/L) in LHW and
APH. Glucose and xylose are the two main sugars present in both hydrolysates. After
24 h, 10.11 g/L of glucose and 0.62 g/L of xylose were consumed in LHW 7.76 while g/L
of glucose and 0.62 g/L of 2.6 g/L xylose were consumed in APH. The LHW PHB
concentration after 24 h was 2.72 g/L with a yield of 0.25 g/g, while the APH PHB
concentration was 2.25 g/L with a yield of 0.22g/g (Fig 2.16). After 48 h, 83.13 % of the
initial glucose and 65.3 % of the initial xylose were consumed in LHW to produce 6.70
g/L of PHB with a yield of 0.30 g/g; whereas 65.5 % of initial glucose and 73.2 % of
initial xylose in APH were consumed to produce 3.86 g/L PHB with a yield of 0.27 g/g of
PHB in ABH (Fig. 2.16). After 72 h, 97.9 % of the initial glucose and 95.6 of the initial
xylose in the LHW were consumed to produce 9.38 g/L of PHB with a yield of 0.26 g/g;
95.1 % of initial glucose and 78.7 % of the initial xylose in APH were consumed to
produce 4.69 g/L of PHB with a yield of 0.24 g/g. Hence, it was observed that a lower
PHB yield was achieved with the APH, due to the lower initial glucose concentration.
After statistical analysis, it was found that APH and LHW PHB yield are significantly
different (p<0.05) at 24 h but not significantly different at 48 h and 72 h. The probable
reason behind that would be for the first 24 h.
The LHW pretreatment sugar recovery yield was LHW - Glucan 88.1 %, Xylan 48.3
%, Arabinan 30.9%, and total sugars were 62.9 % while the APL sugar recovery yield
was Glucan 78.1 %, xylan 43.8 %, arabinan 75 %, and total sugars were 65.6 %.
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Figure 2.16 Time series data of PHB fermentation: LHW (Initial glucose concentration
35.19 g/L and 1.96 g/L) and APH (Initial glucose and xylose concentration 17.77 g/L and
3.85 g/L). The PHB concentration at 72 hours was 9.38 g/L in LHW and 4.69 g/L in APH.
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Figure 2.17 Comparison of PHB yield in LHW and APH over time. The LHW PHB yield
after 24 h, 48 h, and 72 h was 0.25 g/g, 0.30 g/g, and 0.26 g/g while the APH PHB yield at
24 h, 48 h, and 72 h was 0.21 g/g, 0.26 g/g, and 0.23 g/g.

2.6 Conclusion
In this study, the effects of the buffer used in enzymatic hydrolysis, the effect of
the buffer used to maintain fermentation pH, and the effect of two pretreatments on
PHB yield from corn fiber hydrolysate, fermented with P. sacchari was studied. PHB
concentration of 6.70 g/L with a yield of 0.36 g PHB/g sugars was obtained. Liquid hot
water pretreatment gave better yields than alkaline pretreatment because of higher
glucose yield after enzymatic hydrolysis. The concentration of acetate buffer used
during enzymatic hydrolysis did not inhibit the rate of PHB production when
phosphate buffer at pH 6.8 was used to control the fermentation pH.
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Chapter 3 Investigation of the effect of protein extraction of corn fiber
and inoculation method on PHB yield.
3.1 Abstract
The major cost-related hindrance to the PHB production process is the high
substrate cost and low yield of PHB with respect to sugar consumption. Corn fiber is a
by-product of the corn ethanol process which has been used worldwide as low-value
cattle feed and it could be used as a source of sugars for PHB production. This study
investigated the effects of protein extraction from corn fiber and the inoculation
method of P. sacchari on PHB yield. The corn ethanol industry produces several byproducts like protein, corn oil, hemicellulose, and starch. Extracting protein from corn
fiber helps in producing essential bioproducts and helps in increasing the revenue of the
corn biorefineries. The inoculation method of P. sacchari uses a seed medium that
contains meat extract, meat peptone, and glucose. Meat extract and meat peptone are
rich in nitrogenous nutrients like amino acids and peptides and also have a neutral pH to
facilitate bacterial growth. In this study, protein extraction was done to investigate if it
helped in increasing the PHB yield, and whether removing the use of seed medium and
culturing P. sacchari in sugar solutions with nutrients similar to that present in the
hydrolysate benefits PHB production. The highest PHB yield of 0.53 g PHB/g sugars was
obtained with non-protein extracted corn fiber hydrolysate and P. sacchari cultured in a
sugar mixture with nutrients similar to corn fiber hydrolysate.
Keywords: Protein extraction; Inoculation; nitrogenous nutrients; Yield
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3.2 Flowchart

Figure 3.1 Flow diagram for research chapter 3

3.3 Introduction
In the last few decades ‘Biopolymers’ has become a topic of interest for researchers
due to the massive pollution caused by petro-based polymers. Biopolymers are naturally
occurring polyesters accumulated in a wide range of bacteria under unbalanced growth
situations (Gonzalez-Gutierrez et al., 2010). They are an alternative to the synthetic
plastics we use every day, as they have properties similar to polypropylene, also they
can easily degrade in nature by living organisms like yeast, fungi, and bacteria (Getachew
& Woldesenbet et al., 2016). The final product from the biodegradation is water and

carbon dioxide, eliminating the need to create a way to dispose of the waste (Sirohi et
al., 2020). Scientists have been working on developing a sustainable way to produce and
commercialize bioplastics so that they can compete with cheap petro-based plastics.
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The major challenges in this process are the high substrate cost, low yield, and high
recovery cost (Wang et al., 2013), which reduces the use of bioplastics even though they
are better for nature. Substrate cost makes up to 50% of the total production cost of
bioplastics. Hence, cheaper carbon sources and nutrients are required to sustainably
produce bioplastics like polyhydroxybutyrate (PHB) (Shivakumar, 2012). Agricultural
wastes, dairy waste, and food wastes are rich in carbohydrates and could work as a
good substrate for PHB production (Penkhrue et al., 2020). The work described in this
study focuses on using a byproduct of the corn ethanol process, corn fiber, which is
often sold as a low-value product and used as livestock feed.
Bioethanol commonly has been produced by the dry grind process, where ground
corn is mixed with water to form a slurry(Kwiatkowski et al., 2006). Corn starch is
fermented to produce bioethanol and the unfermented parts are passed through
several unit operations, of dehydration and dewatering to produce DDGS. Corn fiber has
high recalcitrance and remains unfermented and ends up in DDGS, in turn reducing the
quality of DDGS. The separation of corn fiber before it is added to the fermenter can
increase fermenter capacity by 10% (Kurambhatti et al., 2018). Fiber removal prior to
the fermenter can also contribute to the profitability of corn ethanol plants by
improving the protein and nutritional content of DDGS (Kurambhatti et al., 2018b). Corn
fiber has a high protein content of 19.3 % (Vallecilla-Yepez et al., 2021), which could be
used to produce valuable bioproducts like corn zein. However, it was unknown how
removing protein from corn fiber would affect the PHB production process. PHB is
accumulated in the bacteria cells under limited nutrients condition. Lower protein
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content in corn fiber would reduce the nitrogen concentration of the corn fiber
hydrolysate. which could help promote PHB production.
In the early 1990s, Paraburkholderia sacchari (previously known as Burkholderia
saccahri) was isolated by Gomez et al. (1996) in Brazil, as a part of a program to identify
a bacteria that can produce polyhydroxyalkanoates (PHAs). Despite there being a wide
range of bacteria that can accumulate PHAs, only a few can produce a yield of PHA great
enough for commercialization (Mozejko-Ciesielska et al., 2019). PHAs like PHB are
accumulated in a nutrient-deficit condition as an energy reserve molecule. Li et al.,
(2019) investigated several concentrations of nitrogen for the best PHB accumulation in
P. sacchari. The bacteria are cultured in a nutrient-rich, growth-promoting seed media
containing meat extract, meat peptone, and glucose. Meat peptone is the main source
of organic nitrogen in the seed medium for bacterial growth. As discussed before, lower
nitrogen concentration promotes PHB production; hence, the hydrolysate contains
lesser nitrogen than the seed media. This could have created a difficulty for the bacterial
cells to suitably adjust to the lower nutrient condition in the corn fiber hydrolysate. In
this study, the step of inoculating the bacteria in the growth-promoting media
containing meat peptone, and meat extract were replaced by a simple monomeric sugar
mixture (glucose and xylose similar to the concentration in hydrolysate), and the cells
were then added to the hydrolysate to investigate if inoculation using a low nitrogen
medium helped in achieving better PHB yield from corn fiber hydrolysate.
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3.4 Material and Methods
3.4.1 Corn fiber
As mentioned in chapter 2, the corn fiber was received from E-Energy Adams, LLC
(Adams, NE, USA). It was dried and stored in airtight containers for future use.
3.4.2 Protein extraction of corn fiber
For the protein extraction process, 500 g of raw corn fiber was taken and washed in
a stainless-steel container with 5 L of 45 % ethanol (200 proof) and 55 % of 0.1 M NaOH.
The mixture was heated to 50 °C and stirred at 300 rpm for 2 h. The mixture was then
allowed to cool down and centrifuged at 4,000 rpm for 15 min at 20 °C. The supernatant
mixture of the ethanol-NaOH solution was evaporated using an evaporator (Rocket,
Genevac, Ipswich, UK). The solids were washed in 5 L of deionized water by stirring at
300 rpm. After that, the mixture was centrifuged at 4,000 rpm for 15 min at 20 °C. This
step was repeated thrice to reduce the pH of the corn fiber slurry to 7. The protein
extracted CF was evenly spread out in a thin layer and dried in large aluminum trays
(Dimension: 52.71 x 32.54 x 8.58 cm) in an oven at 50 °C for 24 h, after which the
moisture content was reduced to between 2% and 6%. After drying the corn fiber was
stored in airtight containers. The protein-extracted solids were pretreated and
enzymatically hydrolyzed as mentioned below. The effect of protein extraction on PHB
yield was studied by comparing the PHB yield from non-protein extracted CF
hydrolysate (NPH) and protein extracted CF hydrolysate (PEH).
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3.4.3 Protein analysis
The protein content of raw corn fiber and protein extracted corn fiber was
performed at the Department of Agronomy Institute of Agriculture and Natural
Resources, University of Nebraska Lincoln using a Leco Protein analyzer (828 Series
Combustion, Joseph, MI, USA).
3.4.4 Pretreatment and Enzymatic Hydrolysis
The effect of two different kinds of pretreatment on the PHB yield was studied in
chapter 3 and it was observed that liquid hot water pretreatment gave better yields
than alkaline pretreatment. LHW pretreatment was carried out in a 1 L benchtop Parr
Reactor (Parr Reactor Model 4848, Parr Instrument Co., Moline, IL, USA). 425 g of
deionized water and 75 g of dry CF were added to the vessel, which was heated to 180
°C, by mixing the contents at 300 rpm. The mixture was held at 180 °C for 10 min. After
that, the heating jacket was removed, and the temperature was reduced to 60 °C. After
vacuum filtering the mixture, and washing the solids with 750 g of warm deionized
water, the solids were stored at 4 °C.
The effect of pH control in the enzymatic hydrolysis process and its effect on PHB
yield was studied. 50mM acetate buffer at pH 5 was used to control pH during
enzymatic hydrolysis. Corn fiber was added at 15% solids loading, with acetate buffer,
and cellulase enzyme (20 FPU/g glucan) in a 250ml Kimax Baffled flask to achieve a final
weight of the mixture of 55g. The mixture was incubated in a shaker at 200 rpm for 72 h
at 50 °C. After 72 h, the mixture was vacuum filtered using two coffee filter papers. The
hydrolysate was stored at 4 °C to be used later for fermentation.
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3.4.5 PHB production
The PHB production process used corn fiber hydrolysate as the carbon source and
0.1 g/L of (NH4)2SO4 and 1.0 g/L yeast extract as the nitrogen sources. The additional
nutrient salts used to prepare the media are Na2HPO4·2H2O, 4.5 g/L; KH2PO4, 1.5 g/L;
MgSO4·7H2O, 0.2 g/L; CaCl2·2 H2O, 0.01 g/L; Fe(NH4)2 citrate, 0.06 g/L and 1ml/L of trace
elements solution as stated previously by Ramsay et al. (1990). The trace element
solution was prepared by adding the following salts H3BO3, 0.3 g/L; Na2MO4·2H2O, 2.25
g/L; MnCl2·4H2O, 2.25 g/L; MnSO4·5H2O, 0.5 g/L; CaCl2·2H2O, 2 g/L; Na2B4O7·10H2O, 0.23
g/L; (NH4)6Mo7O24, 0.1 g/L; 35% HCl 10 ml/L. Additionally, in some trials, phosphate
buffer (50mM, pH 6.8) was added to the media in place of Na2HPO4·2H2O, to maintain
pH during fermentation. The seed medium was prepared by adding 20 ml of a glucose
solution, which was prepared by adding 30 g of glucose in 100 ml of water to 0.6 g of
meat extract, and 1 g of meat peptone in 180 ml of deionized water. Positive control for
every experiment was prepared by mimicking the sugar concentration in the
hydrolysates, for every treatment along with the addition of the same concentration of
each nutrient salt.
For PHB production using NPH and PEH, one vial of P. sacchari cells was added to 20
ml of seed medium. To compare the PHB yield in positive control and hydrolysates,
control 1 was prepared by mimicking the sugars in NPH, and control 2 was prepared by
mimicking the sugars in PEH. Cells were allowed to grow to an optical density (OD)
between 8 to 10, washed with 0.89% NaCl twice, and then suspended in autoclaved
water. 5 ml of that suspension was added to 6 flasks (3 NPH and 3 PEH)
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Three different experiments were conducted to check the effect of seed medium on
PHB production. For the first experiment, one vial of P. sacchari cells was added to 20 ml
of seed medium, the cells were allowed to grow to an OD between 8 to 10, washed with
0.89% NaCl twice, and then dissolved in autoclaved water and 5ml of that suspension
was added to 6 flasks (3 controls – control 3 and 3 seed media hydrolysate - SMH). For
the second experiment, one vial of P. sacchari cells was added to 20 ml of seed medium,
and the cells were allowed to grow to an OD between 8 to 10, washed with 0.89% NaCl
twice, and then suspended in 20 ml of positive control solution. The cells were allowed
to grow again to an OD between 8 to 10. Then, the cells were washed with 0.89% NaCl,
added to 30 ml of autoclaved water, and 5ml of that suspension was added to 6 flasks (3
controls – control 4 and 3 Seed medium, positive control hydrolysate - SPH). For the
third experiment, one vial of cells was directly added to 20 ml of positive control
solution, grown to an OD between 8 to 10, washed, suspended in 30 ml of autoclaved
water, and 5ml of that suspension was added to 6 flasks (3 controls – control 5 and 3 No
seed medium hydrolysate - NSMH).
3.4.6 High-Performance Liquid Chromatography (HPLC) sugar analysis
Monomer sugars were analyzed using high-performance liquid chromatography
(HPLC) equipment (UltiMate™ 3000 LC System, ThermoFisher Scientific, Rockwood, TN).
The sample preparation technique and the column characteristics were kept the same
as mentioned in chapter 2.
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3.4.7 Gas chromatography-mass spectrometer (GC–MS) for PHB quantification
For PHB quantification, the GC-MS setup and standard and sample were prepared
according to the procedure described in chapter 2. Data analysis was performed using
Chromeleon 7 chromatography studio (ThermoFisher Scientific, Waltham, MA, USA).

3.4.8 Calculations
PHB yield was calculated according to the following formula:
YPHB =

𝑃𝐻𝐵(𝑡)
𝑆𝑢𝑔𝑎𝑟 (𝑡𝑜)−𝑆𝑢𝑔𝑎𝑟 (𝑡)

Where, YPHB = PHB Yield; PHB (t) = PHB concentration (g/L) at t = 24, 48 and 72 h; Sugar
(t0) = Sugar concentration (g/L) at 0 h and Sugar (t) = Sugar concentration (g/L) at 24, 48
and 72 h.

3.4.9 Statistical analysis
Data was presented as mean ± standard deviation. An analysis of variance was
carried out on SAS (Version 9.4 TS Level 1M6, SAS Inst. Inc., Cary, NC, USA) similarly to
the method mentioned in chapter 2.
3.5 Results and Discussion
3.5.1 Effect of protein extraction on PHB yield
Raw corn fiber contained 20.1 % protein. After protein extraction, corn fiber
contained 2.5 % protein; hence, 87.6 % of the original protein was extracted from the
raw corn fiber. Fig. 3.1 shows the sugar consumption (g/L) and PHB production (g/L)

81

for control 1 and NPH. Glucose and xylose are the two main sugars present in NPH.
After 24 h, 11.65 g/L of glucose and 0.76 g/L of xylose were consumed in the control 1
while 11.61 g/L of glucose and 1.09 g/L of xylose were consumed in NPH. The control
PHB concentration after 24 h was 3.76 g/L with a yield of 0.30 g/g while the NPH PHB
concentration was 3.48 g/L with a yield of 0.27 g/g, (Fig 3.2). After 48 h, 66.1 % of the
initial glucose and 67.8 % of the initial xylose were consumed in control 8 to produce a
PHB concentration of 8.51 g/L with a yield of 0.35 g/g, whereas only 63.8 % of initial
glucose and 73.9 % of initial xylose were consumed in NPH to produce 8.24 g/L PHB
and a yield of 0.36 g/g (Fig. 3.2). Fig 3.1 shows that after 72 h 95.2 % of the initial
glucose and 93.5 % of initial xylose were consumed in the control 8 to produce a PHB
concentration of 10.12 g/L with a yield of 0.29 g/g, whereas 95.2 % of the initial
glucose and 93.5 % of initial xylose were consumed in NPH to produce 10.20 g/L of
PHB and a yield of 0.30 g/g. It was observed that control 8 and NPH are significantly
different at 24 h but not significantly different at 48 h and 72 h. At 24 h the yield was
significantly less than the control 1, but over the time the PHB yield increased in NPH
and was similar to the yield in control 1 at 48 h and 72 h. The probable reason behind
this would be that the bacteria adjusted in the environment of control 1 more easily
than in NPH.
The PHB yield on the basis of sugars present in the raw corn fiber for NPH at 24h
was 0.145 g/g, at 48 h was 0.189 g/g and 72 h was 0.159 g/g and PEH at 24h was 0.112
g/g, at 48 h was 0.131 g/g and 72 h was 0.116 g/g.
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Figure 3.2 Time series data of PHB fermentation: Control 1 (Initial glucose concentration
34.82 g/L and 1.71 g/L) and SMH (Initial glucose and xylose concentration 33.77 g/L and
1.99 g/L). The PHB concentration at 72 hours was 10.12 g/L in control 8 and 10.20 g/L.
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Figure 3.3 Comparison of PHB yield in control 1 and NPH over time.

Fig 3.3 shows the sugar consumption (g/L) and PHB production (g/L) for control 9
and PEH. Glucose and xylose are the two main sugars present in PEH. After 24 h, 9.67
g/L of glucose and 1.38 g/L of xylose were consumed in the control 9 while 9.16 g/L of
glucose and 3.63 g/L of xylose were consumed in PEH. The control PHB concentration
after 24 h was 2.60 g/L with a yield of 0.24 g/g while the PEH PHB concentration was
2.23 g/L with a yield of 0.21 g/g, (Fig 3.4). After 48 h, 75.6 % of the initial glucose and
53.4 % of the initial xylose were consumed in control 3to produce a PHB concentration
of 6.24 g/L with a yield of 0.28 g/g; whereas 74.9 % of initial glucose and 45.5 % of
initial xylose were consumed in PEH to produce 5.39 g/L PHB and a yield of 0.25 g/g
(Fig. 3.4). Fig 3.3. shows that after 72 h 91.9 % of the initial glucose and 97.1 % of initial
xylose were consumed in the control 9 to produce a PHB concentration of 7.45 g/L
with a yield of 0.26 g/g, whereas 96.1 % of the initial glucose and 78.1 % of initial
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xylose were consumed in PEH to produce 6.36 g/L of PHB and a yield of 0.22 g/g. After
statistical analysis, it was found that the control 2 and PEH are not significantly
different at every time point.

Figure 3.4 Time series data of PHB fermentation: Control 2 (Initial glucose concentration
26.01 g/L and 4.90 g/L) and PEH (Initial glucose and xylose concentration 25.84 g/L and
4.80 g/L).
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Figure 3.5 Comparison of PHB yield in control 2 and PEH over time. The control PHB
yield after 24 h, 48 h, and 72 h was 0.22 g/g, 0.27 g/g, and 0.25 g/g while the ABH PHB
yield at 24 h, 48 h, and 72 h was 0.21 g/g, 0.25 g/g, and 0.22 g/g.

Fig 3.5 shows the PHB yield comparison for NPH and PEH. It was observed that the
NPH PHB yield was significantly more than the PHB yield of PEH at 24, 48, and 72 h
(p<0.05). In both treatments, the solids loading at pretreatment was kept the same. It
was observed that NPH hydrolysate had 7.79 g/L more glucose content while the
xylose content in PEH was 2.89 g/L more than NPH.
These results demonstrated that the extraction of protein from corn fiber before
pretreatment does not improve the PHB yield. This observation does not support the
initially suggested hypothesis. A possible reason is that nitrogen present in the protein
could not be metabolized by the bacteria; thus, the nitrogen was not available and did
not inhibit PHB synthesis. From a commercialization standpoint, the exclusion of the
protein extraction process would be cost-effective and time efficient. As mentioned
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earlier the protein extraction process utilizes harmful chemicals, excluding it would
also benefit the biorefinery with its waste disposal.

Figure 3.6 Comparison of PHB yield in NPH and PEH over time. The NPH PHB yield after
24 h, 48 h, and 72 h was 0.27 g/g, 0.36 g/g, and 0.30 g/g while the PEH PHB yield at 24 h,
48 h, and 72 h was 0.21 g/g, 0.25 g/g, and 0.22 g/g.

3.5.2 Optimization of using seed media for culturing bacteria and its effect on PHB
Yield
Fig 3.6 shows the sugar consumption (g/L) and PHB production (g/L) for control 3
and SMH. Glucose and xylose are the two main sugars present in SMH. After 24 h,
10.25 g/L of glucose and 1.03 g/L of xylose were consumed in the control 3while 7.41
g/L of glucose, and 0.58 g/L of xylose were consumed in SMH. The control PHB
concentration after 24 h was 3.25 g/L with a yield of 0.29 g/g while the SMH PHB
concentration was 2.21 g/L with a yield of 0.28 g/g, (Fig 3.7). After 48 h, 65.6 % of the
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initial glucose and 72.5 % of the initial xylose were consumed in control 3 to produce a
PHB concentration of 8.64 g/L with a yield of 0.34 g/g; whereas only 61.5 % of initial
glucose and 64.6 % of initial xylose were consumed in SMH to produce 8.06 g/L PHB
and a yield of 0.35 g/g (Fig. 3.7). After 72 h, 97 % of the initial glucose and 78.7 % of
initial xylose were consumed in the control 3to produce a PHB concentration of 11.40
g/L with a yield of 0.31 g/g; whereas 93.7 % of the initial glucose and 81.6 % of initial
xylose were consumed in SMH to produce 9.98 g/L of PHB and a yield of 0.29 g/g. After
statistical analysis, it was observed that at every time point control 3 and SMH were
not significantly different (p>0.05).

Figure 3.7 Time series data of PHB fermentation: Control 3 (Initial glucose concentration
35.48 g/L and 2.58 g/L) and SMH (Initial glucose and xylose concentration 35.52 g/L and
2.06 g/L). The PHB concentration at 72 hours was 11.40 g/L in control 8 and 9.98 g/L.
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Figure 3.8 Comparison of PHB yield in control 3 and SMH over time. The control PHB
yield after 24 h, 48 h, and 72 h was 0.29 g/g, 0.34 g/g, and 0.31 g/g while the SMH PHB
yield at 24 h, 48 h, and 72 h was 0.29 g/g, 0.35 g/g, and 0.29 g/g.

Fig 3.8. shows the sugar consumption (g/L) and PHB production (g/L) for
control 4 and SPH. Glucose and xylose are the two main sugars present in SPH. After
24 h, 14.36 g/L of glucose and 0.94 g/L of xylose were consumed in the control 4 while
13.72 g/L of glucose and 0.58 g/L of xylose were consumed in SPH. The control PHB
concentration after 24 h was 4.98 g/L with a yield of 0.33 g/g while the SPH PHB
concentration was 5.28 g/L with a yield of 0.37 g/g, (Fig 3.9). After 48 h, 71.1 % of the
initial glucose and 83.9 % of the initial xylose were consumed in control 4 to produce a
PHB concentration of 10.64 g/L with a yield of 0.40 g/g; whereas 66.3 % of initial
glucose and 64.6 % of initial xylose were consumed in SPH to produce 10.3 g/L PHB
and a yield of 0.42 g/g (Fig. 3.9). After 72 h, 97.0 % of the initial glucose and 94.5 % of
initial xylose were consumed in the control to produce a PHB concentration of 12.55
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g/L with a yield of 0.35 g/g; whereas 96.7 % of the initial glucose and 81.6 % of initial
xylose were consumed in SPH to produce 12.73 g/L of PHB and a yield of 0.36 g/g.
After statistical analysis, it was observed that at 24 h SPH PHB yield is significantly
greater than the PHB yield in control 4 at 24 h (p>0.05) and then a 48 h and 72 h the
PHB yield in control 4 and SPH was not significantly different (p<0.05)

Figure 3.9 Time series data of PHB fermentation: Control 4 (Initial glucose concentration
35.07 g/L and 2.17 g/L) and SPH (Initial glucose and xylose concentration 35.21 g/L and
2.06 g/L). The PHB concentration at 72 hours was 12.55 g/L in control 8 and 12.73 g/L
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Figure 3.10 Comparison of PHB yield in control 4 and SPH over time. The control PHB
yield after 24 h, 48 h, and 72 h was 0.33 g/g, 0.39 g/g, and 0.35 g/g while the SPH PHB
yield at 24 h, 48 h, and 72 h was 0.37 g/g, 0.42 g/g, and 0.36 g/g.

Fig 3.10 shows the sugar consumption (g/L) and PHB production (g/L) for
control 5 and NSMH. Glucose and xylose are the two main sugars present in NSMH.
After 24 h, 14.45 g/L of glucose and 0.82 g/L of xylose were consumed in the control 5
while 14.29 g/L of glucose and 0.76 g/L of xylose were consumed in NSMH. The control
PHB concentration after 24 h was 6.52 g/L with a yield of 0.43 g/g while the NSMH PHB
concentration was 7.16 g/L with a yield of 0.48 g/g, (Fig 3.11). After 48 h, 67.9 % of the
initial glucose and 68.3 % of the initial xylose were consumed in control 4 to produce a
PHB concentration of 12.22 g/L with a yield of 0.48 g/g; whereas 65.31 % of initial
glucose and 66.37 % of initial xylose were consumed in NSMH to produce 13.11 g/L
PHB and a yield of 0.48 g/g (Fig. 4.11). After 72 h, 95.4 % of the initial glucose and 95.6
% of initial xylose were consumed in the control to produce a PHB concentration of
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14.19 g/L with a yield of 0.39 g/g; whereas 94.1 % of the initial glucose and 88.1 % of
initial xylose were consumed in NSMH to produce 14.75 g/L of PHB and a yield of 0.41
g/g. From statistical analysis, it was observed that at every time point the NSMH and
control 5 were not significantly different.

Figure 3.11 Time series data of PHB fermentation: Control 3(Initial glucose
concentration 35.82 g/L and 2.05 g/L) and NSMH (Initial glucose and xylose
concentration 35.96 g/L and 2.26 g/L). The PHB concentration at 72 hours was 14.19 g/L
in control 8 and 14.75 g/L
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Figure 3.12 Comparison of PHB yield in control 5 and NSMH over time. The control PHB
yield after 24 h, 48 h, and 72 h was 0.43 g/g, 0.48 g/g, and 0.39 g/g while the SPH PHB
yield at 24 h, 48 h, and 72 h was 0.48 g/g, 0.53 g/g, and 0.41 g/g.

Fig 3.12 shows the PHB yield comparison for SMH, SPH, and NSMH. These results
show that the third experiment where NSMH was used gave the best PHB yield at
every time point. At 24 h the NSMH PHB yield was 0.48 g/g as compared to SMH PHB
yield of 0.28 g/g, and SPH PHB yield of 0.37 g/g. At 48 h the best PHB yield was
obtained compared to all other time points. The NSMH PHB yield was 0.52 g/g
compared to SMH PHB yield of 0.35 g/g and SPH PHB yield of 0.42 g/L. The same
situation was observed at 72 h. The highest PHB yield was obtained in NSMH 0.42 g/g
compared to the SMH PHB 0.29 g/g and SPH PHB 0.36 g/g. The findings here
suggested that the experiment where the bacteria was cultured in the positive control
rather than the seed medium adjusted better to the corn fiber hydrolysate and gave a
good PHB yield. The results also suggested that the second experiment (SPH) gave a
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better yield than when the bacteria were cultured only in the seed medium for one
generation. These results were supported by the statistical analysis of variance, and it
was observed that the NSMH PHB yield was significantly more than the SPH PHB yield
and SMH PHB yield.
The PHB yield on the basis of sugars present in the raw corn fiber for SMH at 24h
was 0.147 g/g, at 48 h was 0.184 g/g and 72 h was 0.151 g/g, SPH at 24h was 0.195
g/g, at 48 h was 0.221 g/g and 72 h was 0.178 g/g and NSMH at 24h was 0.252 g/g, at
48 h was 0.278 g/g and 72 h was 0.218 g/g.
The possible reason behind this is the transition of the bacteria from a very rich
nutrient medium (meat peptone and meat extract) to a less nutritious medium (CF
hydrolysate). The sudden transition from a nutrient-rich environment to a less
nutritious media could be a shock to the bacteria cells. In the NSMH treatment
condition, the bacteria are made to grow in an environment with a sugar mixture and
not in a growth-promoting media, which possibly facilitates an easier transition of the
bacteria to grow in the next generation in a similar nutrient environment. In the SPH
treatment situation, the bacteria gave better PHB yield compared to SMH, because in
an interim step it was made to grow in the positive control (sugar mixture) which
helped the bacteria cells to adjust well when finally added to the hydrolysate after two
generations. But the PHB yield was still lesser than NSMH because for the first
generation the cells were grown in the seed medium and the cells could have suffered
a nutrient shock when transferred to the positive control. Replacing the use of a
nutrient-rich seed medium with simple sugars will also help in reducing the production
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cost because meat peptone and meat extract are more expensive than monomeric
sugars like glucose and xylose.

Figure 3.13 Comparison of PHB yield SMH, SPH, and NSMH. The PHB yield in SMH, SPH,
and NSMH at 24 h was 0.28 g/g. 0.37 g/g and 0.48 g/g; at 48 h was 0.35 g/g, 0.42 g/g,
and 0.53 g/g and at 72 h was 0.29 g/g, 0.36 g/g and 0.41 g/g.

3.6 Conclusion
In this study, the effects of the protein extraction of corn fiber and inoculation
method and media for P. sacchari on PHB yield were studied. A PHB concentration of
13.11 g/L with a yield of 0.53 g PHB/g sugars was obtained with non-protein extracted
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corn fiber hydrolysate and in case of using no seed medium in culturing P. sacchari.
Not having to conduct protein extraction to improve the PHB yield and not using the
nutrient-rich medium during fermentation would help save energy and help in
lowering the production cost while scaling up.
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Chapter 4 Summary, Conclusion, and Recommendations
4.1 Summary and Conclusions
This thesis reported that corn fiber, a lignocellulosic biomass can be successfully
used to produce PHB. Paraburkholderia sacchari has the potential of integrating a
biorefinery to produce PHB from the corn fiber obtained in the fiber separation process
before fermentation of corn to produce ethanol. Different factors involved in substrate
preparation and parameters of fermentation were studied to increase the PHB yield.
In chapter 2, it was found that liquid hot water pretreatment produced a better PHB
yield than alkaline pretreatment of corn fiber. Three pH treatment method of enzymatic
hydrolysis was also studied, and it was found that acetate buffer used as pH control in
the enzymatic hydrolysis step produced the best PHB yield compared to using citrate
buffer and conducting the enzymatic hydrolysis in the bioreactor. Also, it was found that
using a pH control during fermentation in a shake flask is essential to achieve a steady
yield of PHB, especially in the later stages of fermentation. The highest PHB yield of 0.31
g/g was obtained using liquid hot water pretreatment, 50mM acetate buffer at pH 5 in
enzymatic hydrolysis, and 50mM phosphate buffer at pH 6.8, used as pH control during
fermentation.
In chapter 3, protein extraction of corn fiber was done to see if that helped in
improving the PHB yield. It was found that protein-extracted corn fiber hydrolysate
yielded lesser C6 sugar than non-protein extracted corn fiber. It was concluded that the
extraction of protein did not have a beneficial effect on the PHB yield. The inoculation
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method of P. sacchari was also studied and it was found that not using a seed medium
helped in achieving higher PHB yield as compared to using a seed medium to culture the
bacteria before inoculating into the hydrolysate. The highest PHB yield at every time
point was achieved by using no seed medium in culturing P. sacchari. From a scaling-up
perspective for commercialization, the elimination of the protein extraction step will be
l time-efficient, use lesser harmful chemicals saving the requirement to worry about
disposal, and would use less energy for the complete process, making the process more
cost-effective. Also, from a commercialization perspective, not using the seed medium
to culture bacteria for a large volume of corn fiber hydrolysate and using simple sugars
will be cost-effective.
4.2 Recommendations
A sustainable replacement for petrochemical-based plastics is possible if a cheap
carbohydrate-rich natural resource can be efficiently fermented to produce bioplastics.
Various lignocellulosic biomasses have been explored by researchers in the past few
decades. In light of that, corn fiber, cheap lignocellulosic biomass was pretreated and
enzymatically hydrolyzed to produce corn fiber hydrolysate and fermented with
Paraburkholderia sacchari to produce PHB. In this thesis, we learned about the different
factors that affect the PHB yield and also explored methods to increase the PHB yield.
As a future study, conducting the fermentation in a bench scale bioreactor using the
fed-batch method can be studied. That would help in constant monitoring of pH and
constant monitoring of oxygen availability to the bacteria cells. The timely feeding of
nutrients could help in achieving a better PHB yield. Another future analysis can be done
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by detoxifying the prehydrolysate obtained in liquid hot water pretreatment after the
solids are filtered. This prehydrolysate contains hemicellulose, which can increase the
C5 sugar availability to the bacteria and could benefit in obtaining higher PHB yields.
Concerning alkaline pretreatment, a higher solids loading of 15 % can help in improving
the sugar yield from alkaline pretreatment, which could directly benefit the PHB yield.
Another pretreatment option that can be explored in the future is lime pretreatment.

